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 The South Carolina Department of Transportation (SCDOT) is currently in the 
process of load rating every bridge in their inventory. Two types of short-span precast 
concrete bridges built around the 1960s are prevalent throughout the state, exhibiting 
different levels of deterioration. In order to better understand how these bridge typologies 
behave under loading, two test types were conducted and will be discussed in this thesis. 
 The first test conducted was a live load test on an in-service bridge containing flat 
precast concrete slabs. This test was used to evaluate transverse load distribution and 
efficiency of the longitudinal slab-to-slab joints. The precast slabs span fifteen feet and 
are five and a half feet wide, and they have slab-to-slab joints consisting of v-shaped 
interlocking shear keys. The live load test consisted of a crawling (< 5 mph) loaded dump 
truck at several critical locations while simultaneously measuring vertical displacement in 
the slabs. From the deflection data, joint efficiency and experimental distribution factors 
for moments (DFMs) were calculated. Based on the test results it is recommended that 
0.55 should be the minimum distribution factor used when calculating moment demand. 
Having a high DFM proves that this in-service bridge lacks transverse distribution 
between adjacent slabs as each slab will carry 55% of a trucks load. These results 
demonstrated that the interlocking shear keys along the transverse joints are not capable 
of distributing loads transversely in their current state, and each slab acts independently. 
 The second group of tests conducted were laboratory tests on “arch” beams. They 
are so-named because the cross-section includes an arch-shaped void between two stems 
and below the top flange. To better understand the capacity of these bridges’ service and 
 iii
strength tests were conducted—a service load test, a flexural test taken to failure, and an 
autopsy of the specimen tested. The service load tests were performed on three bolt-
connected arch beams to determine transverse load distribution as well as the bolt 
connection efficacy; the failure test was performed on a single arch beam in order to 
determine the flexural capacity; and the autopsy was performed to determine number, size 
and location of the steel reinforcement. The service load tests indicated the bolt connections 
provided minimal transverse load distribution. The data from these tests indicate a DFM of 
0.5 should be used to calculate moment demand during load rating. Thus an arch beam will 
support as much as 50% of a truck’s weight due to the lack of transverse load distribution 
from the bolt connections. The arch beam failed at 597 kip-ft during the flexural failure 
test. Based on assumed material properties and the reinforcement pattern found during the 
autopsy, the beam has a much higher capacity than should be expected. Original 
assumptions about the material properties were based on the SCDOT construction practices 
of the 1960s which indicated concrete compressive strength of 4 ksi and steel yield stress 
of 40 ksi. It was determined that the material properties were closer to a concrete 
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According to the National Bridge Inventory (NBI) approximately 55% of the 
country’s bridges exceed 50 years of age, and most of the nation’s aging bridges were 
designed for a 50 year life span (Bridges, 2017). In 2016 an average of 188 million daily 
trips were made across structurally deficient bridges, which is classified as a “status used 
to describe a bridge that has one or more structural defects that require attention” 
(Bridges, 2017).  In South Carolina 45% of the states 9,419 bridges exceed 50 years, and 
8.5% are considered to be in poor or structurally deficient condition (Bridge Condition, 
2019).   
 The South Carolina Department of Transportation (SCDOT) is currently in the 
process of load rating every bridge in their inventory.  Two types of bridges are 
commonly used throughout the state and are showing signs of deterioration: short-span 
precast concrete slab bridges which make up 25% of the state’s bridges, and short-span 
precast concrete arch beams which make up about 6% of the state’s bridge inventory 
(NBI, 2019).  To address this deterioration and better understand how these bridge 
typologies behave under loading, both Clemson University and University of South 
Carolina are conducting investigations which include field and laboratory testing. This 
thesis will only discuss Clemson University’s testing. 
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Live Load Study – Old Landfill Road Bridge 
This thesis describes the live load testing conducted on the Old Landfill Road 
Bridge (LRB) near Abbeville, SC (Figure 1.1) which is representative of short-span 
precast concrete slab bridges, a bridge type common in South Carolina that utilizes flat 
precast reinforced concrete slabs placed side by side with a non-structural asphalt 
topping.  The panels span in the direction of travel and bare on reinforced concrete bent 
caps. 
 The LRB is ideal for load testing because it is located on a rural route that has low 
average daily traffic. This bridge was built in 1959 using standard design plans (see 
Appendix A) from November 1956. As shown in Figure 1.1, the bridge consists of eight 
simple spans supported on a timber pile substructure. Each span is comprised of six 
precast slabs which are approximately fifteen feet long and five and a half feet wide. One 
inch diameter tie rods located above each pile cap connect the slabs together transversely. 
The standard plans do not provide tensioning details for the tie rods. 
 3
 
Figure 1.1: Old Landfill Road Bridge 
In the field, the LRB has experienced reflective cracking in the asphalt topping 
due to deterioration and flexibility at the slab-to-slab shear keys.  Reflective cracks 
develop above the shear keys and propagate or “reflect” through the topping.  Figure 1.2 
is an example of reflective cracking through asphalt topping. This type of cracking not 
only allows for water to reach the shear key but provides an entry point for corrosive 
agents that negatively impact bridge longevity and transverse load distribution. 
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Figure 1.2: Reflective Cracking in Top of Bridge Deck  
Reflective cracking has also impacted the underside of the LRB (Figure 1.3).  The 
slab-to-slab joints show spalling as well as efflorescence, a buildup of a white powdery 
substance on the surface of concrete from water seepage.  These symptoms confirm that 
the reflective cracking has led to moisture intrusion that can lead to structural integrity 




Figure 1.3: Efflorescence and Spalling at Panel to Panel joint under Bridge 
Figure 1.4 shows a transverse section cut through the bridge. The section includes 
four interior slabs and integral curbs on the two outer slabs. Figure 1.5 shows a guardrail 
that was not original to the bridge. The galvanized steel guardrails sit directly on the 
inside of the integrated curbs and are approximately 24 inches wide in the transverse 
direction. This guardrail detail is not shown on the standard plans. 
 





Figure 1.5: Added Guardrail 
The interior flat slabs are 8.25 inches deep and have continuous shear keys along 
each side. The v-notched keys are nominally 0.75 inches wide and adjacent slabs are 
matched to allow continuous interlocking through the keys (Figure 1.6). 
 
Figure 1.6: Flat Precast Slab Shear Key 
Laboratory Testing – Arch Beams 
The second type of bridge described by this thesis is the short-span precast 
concrete arch beam. The South Carolina highway system currently has many operative 
bridges throughout the state that are constructed with precast reinforced concrete “arch 
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beam” superstructures, the cross section is shown in Figure 1.7. The beams are so-named 
because of the arch-shaped void at the bottom of the cross section that separates the 
beams into a flange and two webs. The arch beams span in the direction of travel and are 
25 ft. long, 17 in. deep, 41 in. wide and have two 6 in. webs. These beams are placed side 
by side and primarily rely on three evenly spaced bolts for transverse connections (see 
Figure 1.8).  It is understood that in the field, these beams could have a non-structural 
asphalt topping as well as a grout pocket helping with transverse distribution. 
 




Figure 1.8: Bolt Connection between Arch Beams 
Standard plans and specifications no longer exist for these beams; therefore, the 
concrete and reinforcing steel properties as well as the configuration and amount of steel 
reinforcement are unknown. Based on SCDOT bridge construction practices in the 1960s, 
concrete compressive strength was assumed to be 4 ksi and steel reinforcement yield 
stress was assumed to be 40 ksi. 
Purpose and Scope 
The purpose of this project is to evaluate the general behavior of two different 
bridge typologies: flat precast slabs, and arch beams. For the flat precast slabs, a live load 
test was conducted in order to determine the experimental distribution factors and joint 
efficacy. Wire potentiometers were placed on the girders to measure vertical deflection. 
This was to aid in determining both the experimental distribution factors and joint 
efficiency while a loaded truck drove slowly (<5mph) across the bridge. For the arch 
beam typology, a lab test was conducted on three surplus arch beams connected by three 
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equally spaced bolts as done in the field. A hydraulic jack and steel spreader beam was 
used to apply the moment caused by an H10 loading. With wire potentiometers placed on 
the webs of the arch beam, both bolt connection efficacy and transverse load behavior 
were calculated. 
This research also aims to determine the flexural capacity, concrete properties, 
and reinforcement details of the arch beam. The flexural capacity was determined by a 
laboratory test on a single arch beam. A hydraulic jack placed load on the member until 
the tension steel yielded and the top concrete crushed. An autopsy was conducted on the 
failed member to determine the steel reinforcement and concrete properties. 
Objectives 
The objectives for this research project are: 
 
• Evaluate the live load distribution factor for moment of the flat precast slab. 
• Determine how well the shear keys distribute transverse load in between the flat 
precast slabs. 
• Determine how the arch beam bridge system distributes load transversely. 
• Evaluate the effectiveness of the bolts connecting the arch beams at distributing 
transverse load. 
• Determine the flexural capacity, concrete properties, and steel reinforcement of 
the arch beam. 
Thesis Organization 
This thesis is organized into four chapters. The second chapter discusses the live 
load test that was conducted on the flat precast slabs of the LRB. It includes a literature 
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review on the importance of inspections and live load tests, previous live load testing on 
slab bridges, the methods for calculating distribution factors, as well as the testing 
procedure and results from the LRB live load test. Chapter three is about the lab testing 
of the arch beams which includes a literature review about transverse load distribution, a 
case study on transverse bolt connections in bridge girders, the method for calculating 
bolt connection efficacy, as well as the lab test methodology and results from the arch 
beam tests. The final chapter, chapter four, is the recommendations for each bridge type 




LIVE LOAD TEST OF OLD LANDFILL ROAD BRIDGE 
 
 
 This chapter discusses the live load test and results on the Old Landfill Road 
Bridge, previously described in “Live Load Study – Old Landfill Road Bridge” in 
Chapter One. 
Literature Review 
Importance of Bridge Inspections and Live Load Testing 
 The National Bridge Inspection (NBI) program mandates states to provide 
inventory, inspections, and rate all public highway bridges periodically. The NBI 
Standards (NBIS) states the minimum requirements for these inspections. There are five 
types of bridge inspections initial, routine, in-depth, damage, and special. Initial 
inspection is to provide all the structural inventory, i.e. to establish baseline conditions, 
identify any existing problems, or locations that could become potential problems. 
Routine inspection is to determine the physical and functional condition of a bridge on a 
regular basis. An in-depth inspection is a hands-on inspection of a specific member to 
identify potential deficiencies not readily detectible by an initial inspection. Damage 
inspection is an emergency inspection to assess structural damage immediately and last, a 
special inspection is used to monitor a known or suspected deficiency. During initial 
inspection, visual inspection is the primary method used to perform routine bridge 
inspections. Non-Destructive Evaluation techniques (NDE) other than visual inspection 
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are utilized when problems are detected or during the inspection of critical areas (Gee, 
2007).  
 A survey sent to state DOTs, county DOTs, and contractors from the US 
Department of Transportation Federal Highway Administration was about gaining insight 
to the practices of routine highway bridge inspections throughout the country. 
Researchers were focused on compiling a report on state-of-the-practice bridge 
inspections, mostly relating to visual inspection as well as how inspection management 
may influence the reliability of inspections, and gather data on the current use of NDE 
techniques (Moore, 2001). The findings were that field bridge inspections are typically 
conducted once every two years (NBIS requirement) but if a bridge becomes suspicious, 
it may be inspected more often. The process in which bridges are inspected is determined 
by previous inspection reports and the inspector. The survey also determined the most 
utilized NDE techniques, visual inspection was the highest followed by mechanical 
sounding and ultrasonics (Moore, 2001). The survey also identified a need in research for 
concrete decks, prestressed concrete superstructures and timber decks/substructures, in 
which the LRB utilizes two of these construction practices (Moore, 2001).  
 When a bridge appears to have structural deficiencies bridge live load testing is 
commonly used to determine issues that visual inspection and simple analysis cannot 
resolve. A live load test provides a more accurate rating for older bridges (<50 years) 
with unknown or insufficient design data, verifying the need for and the effectiveness of 
new strengthening techniques, and removing load restrictions imposed on additional 
bridges due to the implementation of new weight laws (Phares et al., 2005). The two 
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main types of load testing are diagnostic load testing and proof load testing. Diagnostic 
load testing is typically used to verify and update analytical models that are used for the 
design and assessment of bridges. While a proof load test is used to assess the actual load 
carrying capacity of a bridge. If a certain load can be carried than the structure is deemed 
sufficient for that given load. 
 Both bridge inspections and live load testing are important in making sure that 
infrastructure of the country is up to standard for travelers to use without a risk to their 
lives. The implementation of inspections is important to know the immediate condition of 
the bridge and if the need for further inspection is there. While live load testing is 
important for updating analytical models, assessment of structurally sufficient bridges, 
and to assess the actual load carrying capacity of a specific bridge. 
Transverse Load Distribution Factors 
 When a vehicle is traveling over the top of a specific primary member, it is logical 
to assume that the individual bridge girder is carrying most of the load. However, since 
each bridge girder is connected to an adjacent member, load is distributed throughout 
multiple members. Some contributing factors that determine how much load a girder 
carries includes relative stiffness, span length, spacing, and positioning of loads (Zhao, 
2012). The maximum percentage of live load that one girder carries is called a load 
distribution factor (Zhao, 2012). Generally as a bridge girder increases in stiffness, the 
distribution factor decreases because load is distributed more evenly throughout the 
bridge system.  
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 The AASHTO LRFD (AASHTO 2014) design code defines standard bridge 
sections and provides associated load distribution factor equations to guide engineers in 
design of new bridges and evaluation of existing ones. Load distribution factors for 
moment (DFM) equations are provided for different standard bridge sections and are used 
to help determine what the maximum moment of an interior or exterior girder will 
experience. Once the DFM is determined from AASHTO, it is multiplied by the 
maximum live load and other safety factors to determine the design moment for the 
girder. This design load is then multiplied by the dynamic load allowance factor to 
determine the design live load of a typical interior or exterior girder. However, the flat 
precast slab typology, utilized in the LRB, is not similar to any of the listed cross sections 
in AASHTO. Thus the load distribution between flat precast slabs is still unknown. In the 
absence of guidance from the code there is a need for field testing to determine an 
appropriate DFM for the LRB and similarly constructed bridges. 
Live Load Testing of Reinforced Concrete Slab Bridges 
 The durability of short span reinforced concrete slab bridges is not only an issue 
for the SCDOT but to the Netherlands as well. After the Second World War the Dutch 
road network boomed and numerous short span reinforced concrete slab bridges were 
built in the decades after. Many of these bridges have reached their design service life 
and are considered structurally deficient because of a new code that has been adopted. 
Some of these bridges have also experienced damage from alkali-silica reaction, 
corrosion, or water seepage similar to the LRB discussed in this thesis. Delft University 
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of Technology (TU Delft) has been a leading university in studying the behavior and 
proof load testing short span slab bridges (Lantsoght, 2017).  
 The short span slab bridges in the Netherlands are slightly different from the type 
of slab bridges discussed in this thesis. For instance, in between supports the slab is 
continuous meaning there are no panels nor shear keys. A typical reinforcement plan 
view of a concrete slab bridge in the Netherlands is shown in Figure 2.1 (dimensions are 
in millimeters). The slabs are significantly thicker at 550 mm (21.6 in) meaning there is 
more reinforcement. A typical slab includes two layers of rebar with a 22 mm (0.87 in) 
diameter and 270 mm (10.7 in) of spacing, and a third layer of rebar that is 19 mm (0.75 
in) in diameter and 270 mm (10.7 in) of spacing. The concrete compressive strength was 
tested to be 52 MPa (7.5 ksi) while the reinforcement steel yield strength was 240 MPa 
(35 ksi) (Lantsoght, 2016). However, since these slab bridges in the Netherlands were 
built in the same time period as well as experiencing similar deterioration as SC slab 
bridges, the research and live load testing conducted by TU Delft can be used as a basis 





Figure 2.1: Typical Reinforcement Plan View of a Slab Bridge in the Netherlands 
(Lantsoght, 2016) 
   
 Proof load tests conducted on five specific slab bridges in the Netherlands 
measured deflection in both the longitudinal and transverse directions, at the supports, as 
well as strain on the bottom of the cross section, and at visible cracks. The tests did not 
use a moving truck, but a hydraulic jack that applied load in a four wheel print pattern 
placed at the most critical location in both bending moment and shear. Appropriate cyclic 
loads were applied to obtain loads according to the code, factored live loads, and 
unfactored live loads. If the specific bridge could handle an already previous calculated 
load than it was considered to have sufficient capacity. The slab bridges that were tested 
proved that if little corrosion or ASR was visible the bridge had sufficient capacity to stay 
open for its intended use, pending frequent inspections. If ASR or corrosion was found 
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near the joints than the bridge would most likely not be sufficient in shear and would 
need to be load rated and posted (Lantsoght, 2017). 
 Laboratory testing was conducted on reinforced concrete slab bridges in 2015 by 
TU Delft to determine the transverse load redistribution. Two slab widths were tested, 1ft 
wide and 12ft wide. It was found that the wider slabs experienced an increase in strength 
from transverse load distribution because additional loading paths developed through 
both the length and width of the slab (Lantsoght, 2015). The narrower slab had expected 
strength as “transverse load redistribution [did not] occur and the load [was] carried 
directly from its point of application to the support” acting as a beam (Lantsoght, 2015). 
The results from the evaluation of the horizontal load spreading found that an increase in 
slab width had a direct correlation in an increase in capacity. 
 A load test as well as a test to failure was completed on the Ruytenschildt Bridge, 
a short span reinforced concrete slab bridge located in the Netherlands, in 2014. The 
Ruytenschildt Bridge used the same plan shown in Figure 2.1. The purpose of this test 
was to determine the current loading as well as moment capacity. A hydraulic jack 
applied cyclic load to a steel spreader onto a four wheel print pattern located at the 
critical shear position. Deflection along the longitudinal and transverse directions, strain 
on the bottom surface, and the activity in the cracks were measured during the loading. 
Two different spans were tested to failure. On span 1, failure did not occur as the 
hydraulic jack maxed out on applied force, 3049 kN (685 kip), before the span showed 
signs of failure. The calculated flexural and shear capacity were higher than the 
maximum load applied (Lantsoght, 2016). For span 2 more counterweights were added 
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and the maximum load was 3991 kN (897 kip), where flexural failure of the slab 
occurred. The resulting moment, 4188 kN-m (3089 kip-ft), was between the calculated 
yielding, 3717 kN-m (2742 kip-ft), and ultimate moment of the slab, 4705 kN-m (3470 
kip-ft) corresponding to observations during the experiment. A proof load test was not 
conducted outright but based on German guideline the test would have been stopped at 
2050 kN, when non-linear behavior was observed, and the bridge would have been 
approved as having sufficient capacity from the load test (Lantsoght, 2016). A unity 
check for bending moment was determined; it was calculated by “moment caused by the 
applied loading divided by the bending moment capacity of the cross section”. If the 
check was less than or equal to unity (1.0), sufficient capacity has been proven. Based on 
a unity check the Ruytenschildt Bridge would rate sufficient for flexure and that the 
tested cross sections have a larger capacity than predicted (Lantsoght, 2016). 
 The research of short span reinforced concrete slab bridges in the Netherlands is 
used as a correlation on how the LRB could behave. Bridges in the Netherlands had 
corrosion of the reinforcement and water seepage damage similar to what is seen in SC. 
However, if little damage was visible at the supports the bridges could still maintain 
operational loading in the Netherlands. Many live load tests would need to be conducted 
throughout the state of SC but the bridges throughout the state could have more capacity 
than expected based on the findings from TU Delft. Unlike the LRB, Netherlands slab 
bridges did not have shear keys separating the slabs transversely; therefore the behavior 
of a joint is still unknown. Though it was found that the width of the slab correlated to 
higher than expected capacity. The individual slabs of the LRB are 5.5 ft wide, in 
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between the two widths tested by TU Delft, since their width dimension is narrower the 
individual slab components on LRB will most likely behave as a beam, developing no 
increase in capacity. If the shear keys were to transfer full load to the adjacent slabs the 
bridge would be “wider” and could have a higher than expected strength. Therefore, it is 
important to understand how the shear keys transfer load in the LRB and similarly 
constructed bridges. From the load test to failure, of the Ruytenschildt Bridge, the 
ultimate moment capacity was found to be much higher than expected. Once more the 
LRB could have higher capacity than expected meaning a live load test is vital in 
knowing how this bridge behaves under loading. 
Experimental Determination of DFM 
 When calculating DFMs, the measured displacement data used for the calculation 
is the measured deflection along the center. For the LRB, external live load testing (the 
string pots were rigged after the construction of the bridge) was implemented to see how 
the precast slabs distribute load. Wire potentiometers were used to measure the 
displacement between the slabs, this will be further explained in the “Instrumentation and 
Instrumentation Plan” section of this chapter.  
 After the live load testing was completed equation 2.1 and equation 2.2 were used 
to determine the experimental DFMs (gi). A modified version of the Fu et al. equation 
was used as their tests utilized strain gauges and the LRB test used wire potentiometers 










In the above equation: 
gi = distribution factor for slab i 
Δi = experiential displacement experienced in slab i under a particular load 
Δj = displacement experienced in all slabs, including slab i, in the same span under the 
same particular load. 
 In a different live load monitoring test of the I-25 bridge at the Dona Ana exit in 
Las Cruces, New Mexico, the following moment distribution factor equation was used 










GDFi = slab distribution factor 
E = slab elastic modulus 
S = slab section modulus 
Δi = experimental displacement experienced in slab i under a particular load 
Δj = displacement experienced in all slabs, including slab i, in the same span under the 
same particular load. 
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Experimental Determination of Joint Efficiency 
 At any given joint, moment at that joint will be distributed to adjacent girders. 
Equation 2.3 calculates experimental joint efficiencies (ηi) as a percentage using the 






In the above equation: 
ηi = joint efficiency of slab i 
Δu = displacement on the unloaded side of joint i under a particular load 
Δl = displacement on the loaded side of joint i under the same particular load. 






Figure 2.2: Typical Potentiometer Placement at a Joint 
Literature Review Summary 
 This section reviews several topics of interest for this chapter. The knowledge 
gained from researching different types of bridge inspections and live load tests helped 
the author understand the importance of keeping up to date inventory and load capacity 
on bridges throughout the country. Research on transverse load distribution helped the 
author understand the behavior of distribution between concrete bridge girders as well as 
understanding how AASHTO uses distribution to calculate moment capacity. It was 
found that the LRB slab typology was not similar to any listed section and thus transverse 
load distribution is unknown. The review completed on the tests of slab bridges in the 
Netherlands helped understand how load distributes through a slab, how deterioration 
affects load capacity, as well as what the ultimate moment capacity is compared to the 




remainder of this chapter, the author’s goal is to present the transverse load distribution 
factor as well as the behavior of the slab bridge under live load. 
Live Load Test Methodology 
 The live load test was conducted on the Old Landfill Road Bridge (LRB) in 
November 2019 and consisted of collecting vertical displacement measurements as a 
single truck was slowly (less than 5 mph) driven along the bridge at multiple locations. 
Live Load Test Purpose 
The purpose of this test was to evaluate the moment distribution factors (DFM) 
between the connected transverse slabs. It was also used to measure the joint efficiency 
or the effectiveness of the slab-to-slab shear keys in distributing the transverse loads. 
Instrumentation and Instrumentation Plan 
Bridge Diagnostic Incorporated (BDI) wire potentiometers were used to measure 
the vertical displacement of individual slabs. The potentiometers were wirelessly 
connected to a data acquisition system, which logged data at 100 readings/second. Three 
of the interior slabs had three potentiometers placed equal distance apart in the transverse 
direction and the remaining slabs had one potentiometer placed at the center. In order to 
maximize the measured displacement response all potentiometers were placed at mid-
span. The transverse locations of the wire potentiometers during the load test is presented 
in Figure 2.3. Figure 2.3 also shows the labeling scheme which will be used to describe 








Figure 2.3: Bridge Labeling (a) and Wire Potentiometer Locations (b) at Mid-Span for 
the Live Load Tests 
Truck Locations 
The truck used for the live load test was designed to increase the bridge response 
as the truck was filled with gravel.  Weight and tire geometry of the truck is described in 
Figure 2.4.  The total weight of the truck was approximately 46 kips.  
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Figure 2.4: Truck weight (a) and dimensions (b) of truck used in live load test 
Five different truck positions were used during the live load test (Figure 2.5) and 
each truck position was repeated three times. For each repeat the truck drove slowly 
along the bridge while maintaining its transverse position. The first truck position was 
closest to the guardrail and the wheel lines evenly straddled an interior slab-to-slab joint 
(Joint #4). Position two had the wheel lines placed directly adjacent to the interior joints 
to observe how the load distribution was affected when the loads were placed at the edge 
of the slabs. The third truck position placed wheel lines on the opposite side of the joints 
from position two. In position four the truck was centered on the bridge in order to 
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evaluate how the center joint distributed the truck’s load. Position five was the mirror 













Figure 2.5: Truck Positions (a) 1 (b) 2 (c) 3 (d) 4 (e) 5 
Results 
General Behavior 
 Vertical displacement data was collected utilizing Bridge Diagnostics 
Incorporated (BDI) wire potentiometers at a sampling rate of 100 readings/second. 
Typical displacement data collected from one wire potentiometer during a truck passing 
is shown in Figure 2.6. The data in Figure 2.6 corresponds to the first truck position 




Figure 2.6: Displacement Data Collected from Wire Potentiometer 11 during Live Load 
Test Case 1, Trial 1 
 Data in Figure 2.6 is from WP11, where maximum displacement occurred. Figure 
2.6 shows when the front axle and the back axles of the truck crossed over this 
potentiometer. The first leveling of this curve, at approximately 26.5 seconds, 
corresponds to the front axle crossing mid-span and then peak displacement occurs at 
approximately 31 seconds consistent with the back axles crossing mid-span. 
 Figure 2.7 shows the displacements from each wire potentiometer located at the 




























similar shape to that shown in Figure 2.6. Note that the displacements decrease and the 
shape of the graph no longer has two distinct plateaus the further each wire potentiometer 
is from the truck load.  
 
Figure 2.7: Displacement Collected from Wire Potentiometers at Mid-Slab Width during 
Live Load Test Case 1, Trial 1 
 Table 2.1 presents the maximum displacements from each wire potentiometer and 
crossing for load position number one. The average, standard deviation, and coefficient 
of variation of the maximum displacements for truck position one are also shown in this 
table. Based on the coefficient of variation, standard deviation over the average of each 























WP1 WP2 WP4 WP7 WP10 WP12
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mean. Therefore, calculating joint efficiency and DFMs the average of the three trial runs 
was used. 
Table 2.1. Wire Potentiometer maximum displacement recorded for each trial, average maximum 
displacement for each wire potentiometer, and standard deviation of the maximum displacements for load 















WP1 0.0001 0.0001 0.0001 0.0001 0.0000 0.0000 
WP2 0.0002 0.0001 0.0001 0.0001 0.0000 0.0000 
WP3 0.0085 0.0076 0.0087 0.0083 0.0006 0.0709 
WP4 0.0192 0.0187 0.0194 0.0191 0.0004 0.0189 
WP5 0.0261 0.0260 0.0275 0.0265 0.0008 0.0316 
WP6 0.0725 0.0724 0.0733 0.0727 0.0005 0.0068 
WP7 0.0755 0.0748 0.0753 0.0752 0.0004 0.0048 
WP8 0.0785 0.0772 0.0773 0.0777 0.0007 0.0093 
WP9 0.0792 0.0784 0.0792 0.0789 0.0005 0.0059 
WP10 0.0915 0.0914 0.0921 0.0917 0.0004 0.0041 
WP11 0.1050 0.1047 0.1048 0.1048 0.0002 0.0015 
WP12 0.0120 0.0110 0.0094 0.0108 0.0013 0.1204 
 
 Figure 2.8 displays the maximum average displacement recorded in each wire 
potentiometer for truck position 1. On slab D the center wire potentiometer had a smaller 
displacement compared to the two edge wire potentiometers during each trial. This same 
result was observed throughout the test program and is assumed to be from faulty 
readings at this location. It is considered unlikely that the middle of slab D would 
consistently deflect less than its edges. To correct for this apparent error, linear 
interpolation between the two wire potentiometers on the edges of slab D were used to 
approximate the displacement at the center point. The dashed line segment in the figure 
across slab D is the approximated displacement behavior with the errant point removed. 
All calculations and analyses presented in this thesis are based on linear interpolation to 
remove the errant point and approximate displacement of slab D. 
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Figure 2.8: Maximum average displacement collected from each wire potentiometer 
 As previously shown in Figure 2.7, Figure 2.8 shows that the wire potentiometers 
located directly beneath the truck measured the largest vertical deflections and that 
displacements were lower at locations farther away from the truck. Figure 2.8 shows data 
from when the truck was positioned over slab D and slab E. These slabs experienced the 
greatest vertical displacements while slab A and B, furthest away from the truck position, 
saw almost zero displacement. Slab C displaced approximately 75% less compared to 
loaded slab D and slab F displaced approximately 85% less than loaded slab E. The 
Slab A         Slab B                 Slab C                  Slab D                   Slab E          Slab F 
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drastic difference in displacements between the unloaded and loaded slabs is due to the 
slab-to-slab joints not adequately transferring load from loaded to unloaded slabs. This 
observation will be discussed in more detail in the “Joint Efficiency” section of this 
chapter. 
Symmetry 
 Considering the data from the symmetric loadings (truck positions 1 and 5), it is 
evident that measured vertical deflections of the slabs are effectively symmetrical about 
the centerline of the bridge. This can be observed in the data shown in Figure 2.9 as the 
displacement responses from the truck positions approximately mirror each other about 
the bridge centerline. Based on this result, it is assumed that the bridge behavior is 
effectively symmetrical. Hence DFM values calculated from loading one side of the 












 Experimental DFMs were calculated using both Equation 2.1 and Equation 2.2. 
These equations were used as a comparison to see if the difference in stiffness between a 
typical slab and edge slab played a role in transverse load distribution. With the exception 
of slab D, displacements from wire potentiometers located in the center of each panel 
were used for the calculations. For slab D the displacement was determined by averaging 
the data from two edge potentiometers. Displacements used in the calculations were an 
average displacement of all three crossings at a given truck position. A DFM was 
calculated for each slab during each truck location. Table 2.2 lists the maximum 
calculated DFMs using both equations. 
Table 2.2. Maximum Experimental DFMs for each slab.  
Slab Not using section modulus Using section modulus 
A* 0.04 0.07 
B 0.51 0.49 
C 0.43 0.42 
D 0.44 0.44 
E 0.47 0.44 
F* 0.06 0.10 
 *Truck’s wheels were never directly applied to Slab A or Slab F 
 The maximum distribution factor in interior panels ranged between 0.42 and 0.51. 
The two exterior panels, slab A and slab F, never had the truck’s wheels applied directly, 
which resulted in small DFM values of 0.04 and 0.10, respectively. To provide context to 
the experimental DFM, it is helpful to compare them to a hypothetical bridge with equal 
distribution to each slab. In the hypothetical case of even distribution, the DFM would be 
around 0.17 for all slabs and it would not matter where the truck was positioned. Since 
the experimental DFM for the interior slabs is much greater than 0.17, it is evident that 
the truck loads were not evenly distributed.  
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 Since only one flat precast slab bridge was live load tested and the two equations 
gave relatively similar results the recommended DFM was based on the highest 
experimental value of 0.51 to be conservative. This value indicates that the worst case 
scenario a given interior slab will experience 51% of a truck load. Therefore the 
recommended DFM for this bridge typology is no less than 0.55 for calculating the 
moment demand. 
 Figure 2.10 shows the experimental DFM for each slab and truck position using 
Equation 2.1 and Figure 2.11 displays experimental DFM values using Equation 2.2.  
Horizontal lines are also placed on the figures to show factors associated with equal 
distribution, distribution of one half of a truck axle per slab, and the recommended DFM 
value.  
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Figure 2.11: Average Experimental DFMs for each slab during each Truck Location from 
Equation 2.2 
From the plots it is noticeable that DFM values were lower in situations where a given 
slab was not directly loaded by the truck. The variation in the DFMs between slabs for a 
given truck location can be attributed to poor load transfer across the slab-to-slab joints. 
Poor joint performance is a function of the age of the bridge and deficiency of the shear 
key detailing. The stiffness of the outside slab due to the integrated curb did not result in 
increased load because truck loads did not effectively transfer to the outer slabs through 
joints 1 and 5. 
Joint Efficiency 
 Joint efficiency is defined as the ability of a joint to transit loads between adjacent 
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distribution between adjacent slabs occurs. Joint efficiencies were calculated for joints 3, 
4, and 5. For a given truck position and joint, the efficiency was calculated using the 
average displacements from the three crossings. Calculated efficiencies are presented in 
Table 2.3 according to joint number and truck location. For truck position 1, Joint 4 and 
truck position 3, Joint 3 Equation 2.2 was not applicable; the adjacent slabs were evenly 
loaded and efficiency between the slabs was near 100%. This was expected due to both 
sides displacing almost the same distance. 
Table 2.3. Average joint efficiency per truck location 
Truck Location Joint 3 Joint 4 Joint 5 
1 0.37 N/A 0.10 
2 0.46 0.88 0.02 
3 N/A 0.74 0.00 
4 0.82 0.18 0.00 
5 0.42 0.05 0.55 
 
 The calculated joint efficiencies demonstrate that the bridge lacks transverse 
distribution between loaded and non-loaded slabs. In these cases the calculated joint 
efficiency is as low as 0.02 (truck position 2, joint 5) and as high as 0.82 (truck position 
4, joint 3) this could be due to the deficiencies in the joint.  For cases where neither of the 
adjacent panels were loaded, the calculated efficiency ranged from 0.00 to 0.55.  
 Figure 2.12 is a visual representation of how joint efficiency changes based on the 




Figure 2.12: Average Joint Efficiency for each Calculated Joint during each Truck 
Location 
 Joint 4 distinctly shows how the truck’s position directly affects the efficiency. 
When the truck was placed farther away from the joint its efficiency decreased 
considerably. While joint 5 has an increase in efficiency when the load is applied the 
furthest away. This could be due to an increase in stiffness on the exterior slab as well as 
the last truck position having minimal displacement on that side of the bridge as the two 
wire potentiometers had similar displacements compared to other positions. The range of 
joint efficiencies can be attributed to deficient shear keys hence each slab is acting more 
like an individual entity than a multi-slab cohesive unit. 
Conclusions 
 A live load test was performed to measure the elastic response of a flat precast 
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weight drove slowly across the bridge. Experimental DFMs were calculated as well as 
joint efficiency using the displacement data. Conclusions are listed below: 
• Experimental moment distribution factors calculated from the live load test data 
were relatively consistent between different crossings at the same truck position.  
• The maximum experimental DFM in the test program was 0.51; therefore a 
conservative DFM for this bridge type should be no less than 0.55.  
• The shear keys/joints on the tested bridge do not effectively transfer load between 
adjacent slabs. Therefore, it can be reasonably assumed that each precast slab will 
act independently.  
 These conclusions are based on a field test of one bridge. Additional work is 
required to determine if the results can be generally applied to other flat precast concrete 







ARCH BEAM BRIDGE BEHAVIOR 
 
 
 The South Carolina highway system currently has many operative bridges 
throughout the state that are constructed with precast reinforced concrete “arch beam” 
superstructures, the cross section is shown in Figure 3.1. The beams are so-named 
because of the arch-shaped void at the bottom of the cross section that separates the 
beams into a flange and two webs. It is unknown why the SCDOT decided to use this 
shape but ease of constructability could have been a leading factor. The arch beams span 
in the direction of travel and are placed side by side relying primarily on three evenly 
spaced bolts for transverse connections (Figure 3.2).  
 
Figure 3.1: Cross section of Arch Beam 
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Figure 3.2: Bolt Connection between Arch Beams 
 Standard plans and specifications no longer exist for these beams; therefore, 
laboratory tests were conducted in May of 2020 to evaluate transverse load distribution 
between the bolt connections under service load, determine flexural capacity, and 
determine the steel reinforcement and concrete properties. 
Literature Review 
Transverse Load Distribution 
 In bridges it is necessary to understand how vehicular load is distributed 
throughout a structure. When a vehicle is traveling over the top of a specific primary 
member it is logical to assume that the specific bridge girder is carrying most of the load. 
However, since adjacent bridge girders can be connected through different structural 
elements such as bridge decks, shear keys, bolts, or tie rods, the adjacent members assist 
in carrying part of the load transversely. Transverse load distribution is a function of 
many things including but not limited to relative deck to girder stiffness, span length, 
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spacing, and positioning of loads (Zhao, 2012). Transverse load distribution is accounted 
for in bridge design using the load distribution factor.  A load distribution factor is the 
maximum percentage of live load that one girder carries. These load distribution factors 
are quantitative values that illustrate how much of the design truck load each girder 
supports. The design truck weight is multiplied by distribution factors to determine the 
design truck load for each girder. Generally a larger distribution factor means that a 
bridge does not distribute the load well and when a girder is loaded each girder 
experiences more load. 
 Figure 3.3a is an illustration of a slab-girder bridge and Figure 3.3b shows how a 
point load distributes between the slab members into the girders; note that the slabs 
adjacent to the point load experience more load than the members farther away from the 
point load. Figure 3.3c shows ideal deflection of the girders assuming that the behavior is 
acting linearly. While Figure 3.3d illustrates poor load distribution, as the load and 
deflection is concentrated between the loaded girder and its adjacent girders. Whereas 
Figure 3.3e shows how good distribution can allow for more equal sharing of load 
between girders (Barker and Puckett 2007). 
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Figure 3.3: Illustration of Transverse Load Distribution (Barker and Puckett, 2007) 
 The AASHTO LRFD design code defines standard bridge sections and provides 
associated load distribution equations to guide engineers in design of new bridges and 
evaluation of existing ones (AASHTO, 2014). Equations for moment distribution factors 
(DFM) are provided for different standard bridge sections and are used to help determine 
the maximum design load moment for an interior or exterior girder. However, the arch 
beam typology is not similar to any of the listed cross sections in AASHTO LRFD. Thus 
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the load distribution behavior in addition to the maximum design live load are in 
question. 
Testing of the Nanping Bridge (Hunan Province, China) for Transverse Behavior 
 In a study by Jianren Zhang (2011) at Changsha University of Science and 
Technology, a service load test was conducted on the Nanping Bridge (NB) located in the 
Hunan Province of China. This bridge was built in 1964 and is a three span bridge made 
up of reinforced concrete channel beams with transverse bolt connections. The bridge 
was designed for a H-15 truck, similar load pattern to a H-20 in the United States. Figure 
3.4 shows the cross section, reinforcement and bridge dimensions. The transverse bolt 
connection is illustrated in Figure 3.5. From the figures it is noticeable that these beams 
resemble the arch beams and construction practices used by the SCDOT. 
 
Figure 3.4: Nanping Bridge Details (Zhang, 2011) 
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Figure 3.5: Transverse Bolt Connection (Zhang, 2011) 
 During the live load testing of the NB, many diagnostics of the bridge were 
collected, but of interest for this thesis was the transverse connection and load 
distribution measurements. The channel beam design had transverse ribs and bolt 
connections to help distribute load, but in order to measure how the individual bolt 
connections shared load the transverse ribs were cut. To measure the deflection, 
electronic displacement meters and dial indicators were placed at critical locations 
throughout the span. Figure 3.6 shows the locations and naming convention used 
throughout the results.   
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Figure 3.6: Location of Displacement Meters (Zhang, 2011) 
 The loading configuration presented in Figure 3.7 was the loading pattern used 
during the transverse load distribution measurement. Two different truck weights were 
used, 196 kN (44 kip) and 294 kN (66 kip). 
 
Figure 3.7: Truck loading pattern (Zhang, 2011) 
 Figure 3.8 shows the load coefficient vs. deflection through the transverse bolt 
connections. A load coefficient is the ratio of the applied load to the two two axle truck 












Deflection Measuring Point 
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2011). The members have approximately a linear elastic relationship and it is noticeable 
from the plot that the deflection of Rib B and Rib A had significant deflection 
discrepancy with their neighboring beams. It was determined that the bolt connections 
were weak for transverse load distribution and the loaded beam had significant deflection 
compared to the unloaded adjacent ones.  
 
Figure 3.8: Load times Coefficient vs. Deflection of Beams Loaded through Transverse 
Connections (Zhang, 2011)  
Literature Review Summary 
 This section reviews several topics of interest for this chapter. The knowledge 
gained from transverse load distribution research helped the author understand the 
behavior of distribution between concrete bridge girders as well as knowing what decent 
and poor distribution looks like. When understanding how AASHTO uses distribution to 
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calculate moment capacity it was found that the arch beam is not similar to any listed 
section and thus transverse load distribution is unknown. Research on a similar bridge 
typology used in China helped the author understand the testing procedure and 
distribution between bolt connections, similar to the arch beam. It was found that the 
bolts alone did little to aid in the transverse distribution. The goal of this research is to 
combine the knowledge from the literature review into a clear depiction of how arch 
beams behave under service load and the ultimate moment capacity of a single arch 
beam. 
Laboratory Test Methodology 
 A series of service load tests and a flexural failure test were performed in May of 
2020 at the Clemson University Built Environment Lab (BEL). The tests consisted of a 
single hydraulic ram rated to 100 tons applying load to a steel beam in order to create two 
equal point loads on the arch beam. Figure 3.9 shows the loading pattern used during the 
tests with idealized support conditions. Vertical displacement measurements were 
collected during the applied loading. 
 
Figure 3.9: Free Body Diagram  
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Laboratory Test Purpose 
 The purpose of these tests were to evaluate the bolt connection efficacy, how the 
arch beams distribute load transversely, as well as determining the flexural capacity, 
concrete properties, and reinforcement details of the arch beam. 
Instrumentation and Instrumentation Plan for Service Load Tests 
 A Bridge Diagnostic Incorporated (BDI) data acquisition system and instruments 
were used during the service load tests. Wire potentiometers (WP) and linear variable 
differential transformers (LVDTs) were wirelessly connected to the data acquisition 
system, which logged data at 10 readings/second. The wire potentiometers were used to 
measure the vertical displacement of individual arch beams. One potentiometer was 
placed at the center of each web on the underside of the beam and in order to maximize 
the measured displacement response all potentiometers were placed at mid-span. Two 
LVDTs were placed on one end of the beam on either side of the neoprene bearing pad 
that was supporting the arch beam. This was done to measure the vertical displacement of 
the bearing pads and subtract the measurement from the mid-span displacement. The 
transverse locations of the wire potentiometers and LVDTs as well as the naming 
convention that will be used throughout is shown in Figure 3.10. 
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Figure 3.10: BDI Equipment location and naming convention of Arch Beams 
 
Loading Setup and Locations during Service Load Test 
 The loading setup consisted of a reaction frame, hydraulic actuator, and a spreader 
beam used to distribute the load. The actuator hung from the cross head of the reaction 
frame. Pressure was applied to the center of the spreader beam, a W18x55, which was 
supported by two transverse W8x31 beams. The W8x31 beams were offset 3 ft. from the 
center line of the spreader beam, meaning the two beams were 6 ft apart creating a 
constant moment region. A neoprene bearing pad was placed between the two W8x31s 
and the flange of the arch beam to mimic bearing condition. The arch beams also rested 
on neoprene bearing pads atop of a W24x76 abutment, this was done to imitate 
construction practices used in the field. The W24x76 was then bolted to the strong floor; 
each supporting beam was 12 ft from the center of the reaction frame creating a length of 
24 ft between the simulated bridge abutments. Figure 3.11 shows the loading setup. 
 51
 
Figure 3.11: Arch Beam Loading Setup 
 Four different loading locations were used during the service load tests (Figure 
3.12). The first location had the hydraulic ram placed at the center of Beam 3 to see how 
load distributes to Beam 2. Position two had the hydraulic ram placed at the center of 
Beam 2 to observe how the transverse load distributes between the two adjacent beams. 
While position three had the hydraulic ram placed at the center of Beam 1 to understand 
how load was transferred to adjacent Beam 2.  For the fourth location the hydraulic ram 
was placed at the center of a joint between Beam 1 and Beam 2. This was done to 
evaluate how the bolt connections distributed the load. In order to measure bolt efficacy, 
tests were conducted with the bolts wrench-tight, the bolts hand-tight, as well as no bolts 











Figure 3.12: Service loading positions (a) 1 (b) 2 (c) 3 (d) 4 
 
 For each service load test the hydraulic ram applied a force in an increment of 2 
kips until it reached 14 kips. This force causes a maximum applied moment of 63.8 kip-
ft; the same as the moment in a single arch beam from an H-10 loading, assuming a 
girder moment distribution factor of 0.5 (Appendix B).  
 The maximum applied moment used for the service load tests was based on 
SCDOT bridge construction practices in the 1960s, since standard plans and 
specifications no longer exist for these beams. Figure 3.13 shows the dimensions and 
weights of an H-10 truck. An arch beam is only 41 in wide while the H-10 truck is 6 ft 
(72 in) wide meaning at most only one wheel line can be placed on an arch beam at a 
time. Therefore the author assumed a girder moment distribution factor of 0.5 based on a 






Figure 3.13: Weight (a) and Dimension (b) of H10 Truck Loading 
Instrumentation Plan and Loading Location during Flexural Failure Test 
 Using the same reaction frame setup as the service load tests, Beam 3 was tested 
to determine flexural capacity. For the flexural failure test a National Instruments (NI) 
data acquisition system was used. A pressure gauge was connected to the hydraulic pump 
in order to have a precise measurement of the pressure during the failure of the arch 
beam. NI wire potentiometers were used during this test as the deflection was expected to 
be much larger than the service load tests and these potentiometers have a greater service 
range. The wire potentiometers and pressure gauge were connected to a data acquisition 
system, which logged 10 readings/second. The NI wire potentiometers were located in 
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the same position as the previously mentioned BDI wire potentiometers (WP 5 and WP 
6). The hydraulic ram was placed at the center of Beam 3 similar to Figure 3.12a. 
 During the flexural failure test the load increased by 10 kip increments until the 
hydraulic ram reached an applied load of 70 kips. After this the increment was 5 kips 
until the arch beam failed. Failure for reinforced concrete under flexural loading is 
classified when many closely spaced flexural cracks form, the top compression concrete 
crushes, and there is a high increase in deflection with minimal load increase.   
Results 
Service Load Tests 
 The bolts connecting adjacent arch beams for the service load tests were wrench-
tight. This was thought to be the best case scenario for bolt tightness for bridges of this 
age. Figure 3.14 shows data collected from load scenario 1 (Figure 3.12a). 
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Figure 3.14: Data Collection from Wire Potentiometers during Load Scenario 1 
 
 From the plot it is noticeable that the steps correspond to the two kip increments 
from the applied load. It is also evident that the two wire potentiometers on loaded beam 3 
(WP 5 and WP 6) experience the largest vertical displacement. However, WP 5 is slightly 
less than WP 6 because of the bolts connecting beams 2 and 3 together. The maximum 
deflections in WP 4, WP 5, and WP 6 are approximately 0.02 inches, 0.22 inches, and 0.26 
inches, respectively.  The deflection of WP 4 is about 10% of that in WP 5 indicating that 
some load is shared between beams 2 and 3. It is important to note that the potentiometers 
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 Figure 3.15 presents the maximum average displacement from each beam during 
load scenarios one through four. It is shown that all three beams behave similarly when 
each individual beam is loaded; with some of the load going into the unloaded beam 
adjacent to the loaded one. For load scenario four the beams behave as expected with the 
load distributing relatively evenly between the two loaded beams and a small portion of 
the load going into the unloaded beam.  
Figure 3.15: Maximum Deflections of each Beam for all Service Load Scenarios 
 The service load tests verified that the assumed distribution factor of 0.5 is 


























connecting arch beams. This means that the arch beams are acting as single entities and 
not as a cohesive unit. 
Bolt Connection Efficacy 
 Bolt efficacy is defined as the ability for the bolts to perform to a satisfactory 
degree. In this case the bolts are to transit loads between the adjacent arch beams. In 








In the above equation: 
gi = bolt connection efficacy 
Δi = average experimental displacement of arch beam i under a particular load 
Δj = average experimental displacement in all arch beams, including beam i, under 
the same particular load 
 The tests consisted of three different bolt configurations, wrench-tight, hand-tight 
(loose), and no bolts present. Each test was performed with the same 14 kip load from the 
service load tests. Recall that the loading represents an assumed distribution factor of 0.5 
or one wheel line of an H-10 truck load per arch beam. This was done to investigate the 
relationship between bolt tightness and transverse load distribution.’ 
 Figure 3.16 compares the load deflection response of the directly loaded beam for 
each of the different bolt configurations. The beam exhibited approximate linear/elastic 
behavior during the loading and there was a slight decrease in deflection when comparing 
(3.1) 
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results with no bolts present, loosened bolts, and tightened bolts, respectively. This was 
expected behavior as the unloaded beam adjacent to the loaded beam did take some of the 
load. When the bolts were no longer present the loaded beam had to take the full amount 
resulting in greater deflection. 
 
Figure 3.16: Moment vs. Mid-Span Deflection with Different Bolt Configurations 
 Figure 3.17 is a graphical representation of the distribution of applied load for the 
different bolt configurations. In practice the arch beams have a grout pocket between 
adjacent girders, however, the beams were delivered without grout and none was added 
for the laboratory tests. Therefore, the distribution of the applied load is conservative and 
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beam represents when there are no bolts present as all of the applied load is distributed 
into one arch beam (i.e., distribution of applied load = 1.0). When the bolts are loosened 
98% of the load goes into the loaded beam compared to when the bolts are tightened 96% 
of the load goes into the loaded beam. The service load test with loosened bolts was 
performed on only two connected beams due to the third beam carrying less than 1% of 
the load during the tightened bolts test. Therefore, the bolts that are connecting the arch 
beams together do little to enhance the transverse load distribution. These distribution 




Figure 3.17: Distribution of Applied Load with Different Bolt Configurations 
Flexural Failure Test 
 The flexural failure test occurred on Beam 3 with no transverse bolt connections 
and consisted of measuring vertical displacement at mid-span. In Figure 3.18 the applied 
moment vs. mid-span deflection plot is shown. Analysis and observation prior to testing 
showed that the arch beam had already experienced cracking due to previous loadings, 
self-weight and traffic. From the plot it is noticeable that the beam exhibited approximate 
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reinforcement began to yield. Once the steel had yielded the slop of the moment versus 
deflection plot was constant with deflection increasing significantly until the concrete 
crushed and the top compression steel buckled. Failure occurred at a total moment (self-
weight plus applied) of 597 kip-ft. 
 
Figure 3.18: Moment vs. Mid-span Displacement Plot 
 For comparison purposes, Figure 3.18 includes horizontal lines representing 
different theoretical calculations and Appendix C provides the full calculations for each. 
The horizontal lines present in Figure 3.18 represent 1) the calculated self-weight 
moment of 37.5 kip-ft. The self-weight was found when the arch beams were setup in the 


























weighed them. 2) The service load moment caused by one half of an H-10 loading, self-
weight and a two inch wearing surface of 150 kip-ft. One wheel line of an H-10 loading 
(Figure 3.13) was placed at different loading configurations until maximum moment 
occurred and that was then multiplied by a dynamic live load factor (DLL) of 1.33. The 
moment from the arch beam self-weight and a two inch bituminous wearing surface 
typically found out in the field were added to obtain the full service load moment. A two 
inch wearing surface was not placed on the tested arch beam but for comparing a 
theoretical loading calculation to the experimental data is a good comparison to see if the 
existing arch beam could take the theoretical design load. 3) The ultimate moment for an 
H10 strength I limit state of 232 kip-ft. In order to find the maximum AASHTO strength 
I limit state the loading from the service load moment was used and each individual 
moment, truck load, self-weight, and two inch wearing surface was multiplied by 
different safety factors as well as the H10 truck live load multiplied by DLL. 4) The 
ultimate moment for an H15 strength I limit state of 290 kip-ft. The process for the 
strength I limit state was repeated with an H15 truck loading, the weight and dimensions 












Figure 3.19: Weight (a) and Dimension (b) of H15 Truck Loading 
5) The calculated nominal moment capacity of 328 kip-ft. The nominal capacity was 
calculated using standard SCDOT practices of the 1960s, 40 ksi yield stress for the steel 
and a 4 ksi compressive stress for the concrete. The reinforcement sizes and placement 
from the autopsy (Appendix D) were used for the calculations. The large difference 
between the nominal and tested flexural capacities will be discussed in further detail in 
“Factors Contributing to Higher Experimental Data” section. 
 Flexural failure occurred at around 597 kip-ft. At failure the arch beam had 
significant deformation as shown in Figure 3.20.  Substantial flexural cracks close to the 
load points can be seen in Figure 3.21 as well as the buckled compression reinforcement 
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shown in Figure 3.22. This induced high stress, from both the applied load as well as the 
buckled compression steel caused the concrete to burst as seen in Figure 3.23. 
 
 
Figure 3.20: Deformation at Failure 
 
 




Figure 3.22: Buckled Compression Steel 
 
 
Figure 3.23: Top Flange Concrete Compression Shape  
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Factors Contributing to Higher Experimental Data 
 This section of the thesis provides an explanation for the difference between 
tested and calculated nominal flexural strength.  The most plausible reasons for the 
differences are: 
1. Concrete compression strength higher than the assumed 4 ksi 
2. Steel yield strength larger than the assumed 40 ksi 
3. Confinement of concrete compression zone by shear reinforcement 
4. Horizontal thrust from bearing restraints during the flexural test  
 At University of South Carolina six concrete cores were taken from two arch 
beam specimens. The measured compressive strength after adjusting for the core size and 
other factors was found to be in the range of 7.5 ksi (Appendix E), almost 1.9 times the 
assumed design compressive strength (4 ksi).  This increased strength is not clear but 
follows a similar trend to that recently reported by WSP for different bridge super 
structural elements (WSP, 2020). The flexural calculations were re-calculated with 
different combinations of both 4 ksi and 7.5 ksi concrete compressive strength as well as 
steel yield stress at the assumed 40 ksi and 60 ksi. Table 3.1 shows the calculated 
nominal moment capacities with the different variations. Comparing the experimental 
results with the theoretical results, the arch beam material properties most resemble the 
7.5 ksi concrete compressive strength and 60 ksi steel yield stress. Thus, the material 
properties of the beams appear to be greater than those that would otherwise be 
conservatively assumed based on the arch beams age. 
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1 4 40 327.6 
2 4 60 473.6 
3 7.5 40 351.2 
4 7.5 60 498.1 
 
 Increased flexural strength due to the confining effects of the transverse and shear 
reinforcement is another potential factor that could have caused the higher than expected 
moment capacity. The arch beam was found to have a high allotment of shear 
reinforcement, #5 at 6 in intervals throughout the entire span. This confines the concrete 
causing a consistent compression zone throughout the beam. However, it is understood 
that extra confinement does more to increase the ductility of concrete beams and does 
little to increase flexural strength (Priastiwi, 2015).  
 While the boundary conditions were intended to behave as pin and roller (Figure 
3.9), horizontal “thrust” reactions were present at both supports during the flexural failure 
test. This is based on the observation of the steel beam supports below the arch beam 
“leaned” due to the thrust applied through the bearing. Thin neoprene bearing pads were 
placed between the arch beam and the supporting steel beam which partially, but not 
completely, mitigated the thrust reaction. The implication is that the thrust led to a partial 
arching action in the beam which tends to increase the stiffness and capacity relative to a 
beam on true pin-roller supports. Although this action would have contributed to the 
increase in experimental flexural stiffness and capacity, the boundary conditions in the 
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lab were likely more compliant as those in the field. Arch beams of this age do not have 
neoprene bearing pads in the field and are also restrained by abutments and adjacent 
spans. Thus boundary conditions in the field are likely to have greater impact on flexural 
capacity and stiffness than the boundary conditions in the lab tests. 
Conclusions 
  Prior to testing the precast reinforced concrete arch beams were in service for 
approximately 50 years and the plans and specifications no longer exist. Therefore, the 
specimens were subjected to simulated service load tests on systems of one, two, and 
three beams to evaluate transverse load distribution as well as the efficacy of the three 
bolt-connections that adjacently joined the beams. The service load test results provided a 
worst case (upper bound) distribution as no grout was placed in the grout pocket. A 
failure test was performed on a single beam to determine the flexural capacity.  Autopsies 
were performed on three specimens to determine the steel reinforcement size and shape.  
 The following are the conclusions based on evaluation of the results obtained 
from testing the surplus arch beams: 
• Transverse load distribution between the tested adjacent arch beams was found to 
be negligible. Therefore the assumed distribution of 0.5 was reasonable as each 
beam will act independently.  
• The presence of connection bolts (even tight or loose) had no significant effect on 
transverse load distribution. Therefore the effectiveness of the bolts to distribute 
the transverse load is poor and should be neglected in this type of bridge. 
 70
• The tested flexural capacity of the arch beam was 597 kip-ft. Assuming a yield 
stress of 40 ksi and concrete compressive strength of 4 ksi, the calculated nominal 
moment capacity is 313 kip-ft.  The large difference between these values 
suggests that the material properties – particularly the reinforcement yield stress – 
were greater than the assumed values. 
• The arch beams had a significant amount of reinforcement, including (3) No. 10 
bars longitudinal at the bottom of each web, (8) No. 5 bars longitudinal in or near 
the top flange, and No. 5 stirrups at 6 in. spacing. 
• The compressive strength of the concrete cores, after adjusting for standard 






CONCLUSIONS AND RECOMMENDATIONS 
 
 
Project Motivation and Objectives 
 The SCDOT is currently in the process of load rating every bridge in their 
inventory. Two types of bridges that are commonly used throughout the state are showing 
signs of deterioration: short-span flat precast concrete slab bridges and short-span precast 
concrete arch beams. To address this deterioration and better understand how these 
bridge typologies behave under loading, an investigation which included field and 
laboratory testing was conducted.  
 Old Landfill Road Bridge (LRB) located near Abbeville, SC (Figure 4.1) is one of 
the short-span flat precast concrete slab bridges in the SCDOT inventory. This bridge was 
built in 1959 using standard design plans from November 1956. The bridge consists of 
eight simple spans supported on a timber pile substructure. Each span is comprised of six 
precast slabs, four interior slabs and two exterior slabs with integrated curbs, that are 
approximately fifteen feet long and five and a half feet wide (Figure 4.2). The interior flat 
slabs have continuous v-notched shear keys along each side that are matched to allow 
continuous interlocking.  
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Figure 4.1: Old Landfill Road Bridge 
 
Figure 4.2: Transverse Section Cut 
 The LRB has experienced reflective cracking in the asphalt topping due to 
deterioration and flexibility at the slab-to-slab shear keys. This type of cracking not only 
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allows for water to reach the shear key but provides an entry point for corrosive agents 
that negatively impact bridge longevity and transverse load distribution. The underside of 
the LRB has also been impacted by the reflective cracking and at the joints there are signs 
of spalling and efflorescence. This confirms moisture intrusion that can lead to structural 
integrity issues over time.  
 The short-span precast concrete arch beam is so named based on the arch shaped 
void at the bottom of the cross section (Figure 4.3). These beams span in the direction of 
travel and are 25 ft long and 41 inches wide. The arch beams are placed side by side and 
primarily rely on three evenly spaced bolts for transverse connections.  
 
Figure 4.3: Cross Section of Arch Beam 
 Standard plans and specifications no longer exist for these beams; the uncertainty 
in physical properties provides a motivation to investigate the performance and capacity 
of these bridge beams.  
 To address these problems, this project seeks to characterize similar bridges 
through a live load test of the short-span flat precast concrete slab bridges and a 
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laboratory test of the short-span precast concrete arch beams. Information from the 
project will guide SCDOT as they manage these bridges. Specific objectives include: 
• Evaluate the live load distribution factor for moment of the flat precast concrete 
slab. 
• Determine how well the shear keys distribute transverse load in between the flat 
precast concrete slabs. 
• Determine how the arch beam bridge system distributes load transversely. 
• Evaluate the effectiveness of the bolts connecting the arch beams at distributing 
transverse load. 
• Determine the flexural capacity, concrete properties, and steel reinforcement of 
the arch beam 
Conclusions 
 The following conclusions regard the experimental data from the live load test on 
the Old Landfill Road Bridge. The conclusions are as follows: 
• From the different crossings at the same truck position the experimental moment 
distribution factors calculated from the live load test data were relatively 
consistent. 
• Maximum experimental DFM from the test program was 0.51; therefore a 
conservative DFM of the short-span flat precast concrete slab bridge should be no 
less than 0.55. 
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• Shear keys/joints on the tested slab bridge do not effectively transfer load between 
adjacent slabs. Therefore, it can be reasonable to assume that each precast slab 
will act independently. 
 The following conclusions from both the service load and flexural failure 
laboratory tests conducted on the arch beams are as follows: 
• Transverse load distribution between the tested adjacent arch beams was found to 
be negligible. 
• The presence of connection bolts (tightened) had no significant effect on 
transverse load distribution. Therefore the effectiveness of the bolts to distribute 
transverse load is poor and should be neglected. 
• Flexural capacity of the arch beam was 597 kip-ft. The calculated nominal 
moment capacity is 313 kip-ft assuming 4 ksi concrete compressive strength and 
40 ksi yield stress. The large difference between these values suggests that the 
material properties were greater than the assumed value. 
• The arch beam steel reinforcement included (3) No. 10 longitudinal bars at the 
bottom of each web, (8) No. 5 longitudinal bars in/near the top flange, and No. 5 
stirrups at 6” spacing throughout the beam. 
Recommendations for the SCDOT 
 Based on the above conclusions, recommendations resulting from this research 
for the purpose of this thesis are as follows: 
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• When load rating flat precast concrete slab bridges similar to the Old Landfill 
Road Bridge, a conservative value for the transverse load distribution (DFM) of 
0.55, respectively, should be used unless other values are confirmed through 
testing. Experimental values for DFM of the LRB may not be representative of 
other flat precast concrete slab bridges.  
• The shear keys do not effectively transfer loads between the adjacent slabs 
therefore the conservative DFM value should be used.  
• Other flat precast concrete slab bridges should be tested to evaluate the bridge 
behavior with different levels of deterioration.  
• The strand size and layout from Figure 3.20 should be used to calculate the 
nominal strength of an arch beam. Based on the concrete compressive test done 
by University of South Carolina, 7.5 ksi compressive strength should be used 
when calculating the strength of an arch beam. From the flexural failure test 
performed on one arch beam the steel yield stress can be assumed to be 60 ksi. 
Experimental values based on the arch beam tests performed by Clemson 
University may not be representative of other arch beams. 
• The presence of the bolt connections had no significant effect on transverse load 
distribution. The conservative assumption DFM=0.5 should be used unless a live 
load test is conducted to determine the degree of load sharing and experimental 
DFM. 
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• Precast concrete arch beams should be tested out in the field to see if the 
transverse load is changed when a topping is placed, the grout pocket filled, or 
































































































≔εexp 0.000104 ≔E =⋅57000 ‾‾‾‾‾‾‾‾‾‾⋅4000 psi psi 3605 ksi
≔σexp =⋅E εexp 0.37 ksi
≔εtheor 0.003
≔σtheor =⋅E εtheor 10.81 ksi








7.1 kip per load point
≔Fram =⋅2 FH10 14.19 kip ram force
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Appendix C 
Calculations on Moment vs. Displacement Plot 
 
 
FIND Self Weight Moment
≔Msw =――――――




FIND Service load moment and ultimate moment for an H10
≔S 25 ft ≔w 41.625 in Bitumous Layer=2"






≔Lf 2 kip Spaced 14' apart
One wheel line per arch beam≔Lb 8 kip




+⋅Lb ( −S a) ⋅Lf b
S
6.68 kip





≔MLL =max⎛⎝ ,M1 M2⎞⎠ 50 ⋅kip ft
Caclulate Force Effects from Other Loads



























Flexure [A5.7.3.2] Rectangular Stress Distribution [A5.7.2.2]




≔Ma =++MDC MDW ⋅MLL 1.33 150 ⋅kip ft
≔Mu =++⋅1.25 MDC ⋅1.5 MDW ⋅1.75 ⎛⎝ ⋅MLL 1.33⎞⎠ 232 ⋅kip ft
Find an ultimate moment for an H15
This is for full cross section
≔S 25 ft ≔w 41.625 in Bitumous Layer=2"






≔Lf 3 kip Spaced 14' apart
One wheel line per arch beam≔Lb 12 kip




+⋅Lb ( −S a) ⋅Lf b
S
10.02 kip





≔MLL =max⎛⎝ ,M1 M2⎞⎠ 75 ⋅kip ft
Caclulate Force Effects from Other Loads



























Flexure [A5.7.3.2] Rectangular Stress Distribution [A5.7.2.2]
Interior Beam
Strength I Limit State
U=1.0[1.25DC+1.50DW+1.75LL]
DLL=1.33
≔Ma =++MDC MDW ⋅MLL 1.33 183 ⋅kip ft
≔Mu =++⋅1.25 MDC ⋅1.5 MDW ⋅1.75 ⎛⎝ ⋅MLL 1.33⎞⎠ 290 ⋅kip ft
FIND Nominal moment capacity
CONCRETE PROPERTIES: This is for full cross-section
≔f'c 4000 psi ≔fr =⋅7.5 ‾‾‾‾‾‾⋅f'c psi 474.34 psi ≔Ec =⋅57000 ‾‾‾‾‾‾⋅f'c psi 3605 ksi
≔εcu 0.003 ≔Et =+⋅1.8 10
6
psi ⋅460 f'c 3640 ksi
≔β1 0.85
STEEL PROPERTIES:












≔dtop 5 in ≔bbottom 6 in
≔ds 13.94 in












4.65 in Try: ≔c 2.42 in





Find stress in compression reinforcement
≔f's =⋅Es ε's 15.1 ksi <40ksi OK
Find force in compression reinforcement
≔Cs =⋅A's ⎛⎝ −f's ⋅0.85 f'c⎞⎠ 7.25 kip
Find concrete compression force
≔Cc =⋅⋅⋅⋅0.85 f'c btop β1 c 145.54 kip
Find force in tension reinforcement
≔T =⋅As fy 152.4 kip
Check section equilibrium
=+Cs Cc 152.79 kip





Calculate the nominal moment strength









⋅Cs ⎛⎝ −ds d's⎞⎠ 163.81 ⋅kip ft
=⋅Mn 2 327.63 ⋅kip ft for full cross section as its symmetrical
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Appendix D 
Autopsy Results of the Arch Beams 
 Once the arch beam was tested to failure, a jackhammer was used to further 
expose the reinforcement within the arch beam by breaking away the concrete. Once the 
reinforcement was sufficiently uncovered, a tape measure was used to measure the 
spacing between reinforcements and a caliper was used to measure the diameter of the 
reinforcement. The findings are listed below: 
• Compression Steel Diameter = 0.63 inches [#5 rebar] 
• Stirrups Diameter = 0.63 inches [#5 rebar] 
• Tension Steel Bundle Diameter = 3 bars of 1.2 inches  [#10 rebar] 
 
• Compression steel transversely spaced 10”, 10”, 8.5” 
• Stirrups spaced 5.5” 
 










University of South Carolina Concrete Compressive Strength Test 
 Six cores were taken from two arch beam specimens. Each core had a diameter of 
2.8 in. and a length of 5 in. The length to diameter ratio is 1.8. The following table shows 
the measured compressive strength and corrected compressive strength for the samples. 
The measured compressive strength was almost 1.9 times the design compressive 
strength (4,000 psi). The reason for this increased strength is not clear. The nominal 
compressive strength (7,358 psi) was calculated by considering the average strength of 
five specimens minus 1.65 times the standard deviation. 
Table A-1: Concrete Compression test results 
Diameter 
(in.) 




2.8 5 1.8 48,240 7,834 
2.8 5 1.8 47,000 7,633 
2.8 5 1.8 47,150 7,657 
2.8 5 1.8 45,350 7,365 
2.8 5 1.8 48,640 7,956 
   Average 7,689 
   SD 200.7 
   1.65xSD 331.2 
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